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Abstract

The present investigation was carried out to appraise the variation in antioxidant and antidiabetic potential of Korean black raspberry
during its ripening process. Bioactive principles of Korean black raspberry were evaluated by in vitro antioxidant and antidiabetic
assays including free radical scavenging activity, reducing power by Fe**-Fe?" transformation and a-glucosidase inhibitory activity.
Overall, an extract of unripe fruit contained the highest levels of total phenolic and flavonoid contents, radical scavenging activity,
reducing power, and a-glucosidase inhibitory activity, compared with extracts of fruit at other stages of ripening. On the other hand,
total anthocyanin content increased with the progression of fruit ripening, indicating that the metabolic shift from proanthocyanidins
to anthocyanins in the flavonoid biosynthesis pathways influenced the antioxidant and antidiabetic activities of Korean black
raspberry. These results suggest that the different stages of maturation have profound effects on the secondary metabolites and
variations in bioactive principles of Korean black raspberry. In addition, based on in-silico gene expression analysis, we found that
catechin-induced apoptosis in human breast cancer cell line MCF-7 is mediated by the induction of death ligand-mediated extrinsic
apoptosis pathways.

Keyword: Ripening, antioxidant activity, a-glucosidase inhibitory effect, catechin, Rubus coreanus Miquel.
Abbreviations: TPC_Total phenolic content; TFC_Total flavonoid content; TAC_Total anthocyanin content.

Introduction

During the last few decades, the great interest in traditional pharmaceutical studies have further revealed its pharmaceutical
plants and their medicinal value has promoted the consumption applications based on its antioxidant, antibiotic, anti-
of fruits, vegetables, and herbs for improving personal health. inflammatory, antiviral, and anticancer activities (Kim et al.,
The medicinal properties of these plants are due to their 2001; Wang and Stoner, 2008; Lim et al., 2012). On the basis of
ethnopharmacological activities, low toxicity, and economic phytochemical analyses, it has been suggested that the
viability (Chew et al., 2012). Several phytochemicals, such as pharmaceutical activities of Korean black raspberry are related
khellin from Ammi visnage (L) Lamk, galegine from Galega to its phytochemical constituents, including anthocyanins,
officinalis L., papaverine from Papaver somniferum L., tannins, catechins, and teriterpenoids (Yoon et al., 2003; Kim et
curcumin from Curcuma longa Linn., and epigallocatechin-3- al., 2011). Although the ripe fruits have usually been used as a
gallate from green tea, have been identified and showed source for investigating the pharmaceutical activities of Korean
promising pharmaceutical activities including antidiabetic black raspberry, the dried unripe fruits, commonly known as
activity, anticancer activity and anti-inflammatory activity Bokbunja in Korea, have been used for centuries as a
(Cragg and Newman, 2013). In addition, these compounds have traditional herbal medicine (Shin et al., 2002). This indicates
been used as important resources in the synthesis of drugs that that the unripe fruits of Korean black raspberry may be a better
are artificially modified versions of phytochemicals (Cragg and source for investigating its pharmaceutical value than the ripe
Newman, 2013). These findings indicate that traditional plants fruits. Therefore, in this study, we investigated the variation in
are useful not only as supplementary health foods but also a bioactivities of Korean black raspberry during its ripening
primary source for drug development. The Korean black process. In addition, based on in-silico gene expression analysis,
raspberry (Rubus coreanus Miquel) is a perennial wild-type we analyzed the possible action of catechin, which is known to
berry, which belongs to the Rosaceae family (Park et al., 2012). be one of the active compounds from Korean black raspberry,
Since it has been used as a folk medicine, current on cells of the human breast cancer cell line MCF-7.
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Results and Discussion

Variation in total phenolic, flavonoid, and anthocyanin
contents at the three ripening stages of Korean black
raspberry

It is generally accepted that different parameters, including
variety, season, climatic conditions, and stages of maturity
influence the phytochemical compositions of plant materials
(Cordenunsi et al., 2002). Therefore, in order to determine the
variability in bioactive principles during the fruit ripening
process, we initially analysed the changes in total phenolic,
flavonoid, and anthocyanin contents (TPC, TFC, and TAC,
respectively) during the three ripening stages of fruits. The
results of the distribution of TPC, TFC, and TAC in relation to
fruit maturity/ripening stage are presented in Table 1. The
concentration of phenolics and flavonoids were generally
higher in the extract from unripe samples compared to the
semi-ripe and fully ripe samples, whereas there was an
accumulation of anthocyanins as ripening progressed. During
the ripening process, the amount of proanthocyanidins, classed
as flavonoids, has been found to decrease in many berry species,
whereas anthocyanins accumulate in their fruits (Zhang et al.,
2011; Lee et al., 2012). Proanthocyanidins are essential for the
astringency and bitterness of fruits and they exhibit a broad
range of pharmacological properties (Chen et al., 2012).
Therefore, the increasing level of total anthocyanins during the
ripening process of Korean black raspberry indicates that the
switch in flavonoid biosynthesis from proanthocyanidins to
anthocyanins might reflect the changing strategy from
protecting fruit to promoting fruit consumption by fruit-eating
animals.

Influence of fruit ripening on the antioxidant activity

Antioxidants are molecules that inhibit the oxidation of other
molecules, and thereby protect organisms against the damage
caused by reactive oxygen species that contain a number of
unpaired electrons. The oxidative damage of cellular
components, including lipids, proteins, and nucleic acids are
involved in various diseases such as cancer, diabetes, and
neurological diseases (Surveswaran et al., 2007). Because they
can be used safely over the long-term, natural antioxidants have
begun to gain worldwide interest in healthcare promotion (Kim
et al, 2010). The vitamins, glutathione, carotenoids,
anthocyanins, and phenolics present in fruits are effective
scavengers of free radicals, and changes in these compounds
during the ripening process is correlated with the antioxidant
activity of fruits (Gull et al., 2012). In the case of Korean black
raspberry, extracts of the unripe fruits displayed the highest
antioxidant activity (RCsy = 153.445.7 pg/ml) compared with
the extracts of fruit at other stages of ripening (Fig. 1B).
Anthocyanins have a wide range of health benefits mediated by
their antioxidant activities. Although the extract of fully ripe
fruits contained the highest level of anthocyanins (580 + 40
Mg/g), this extract exhibited the lowest free radical scavenging
activity (RCso = 689.0 + 15.6 pg/ml). To further characterize
the antioxidant properties in the extracts, the reducing power of
Korean black raspberry extracts was analyzed. As shown in Fig.
2, the reducing potential of each extract was found to increase
in a dose-dependent manner. As expected, the unripe fruits
exhibited the highest reducing potential, followed by the semi-
ripe fruits and fully ripe fruits. On the basis of the 1,1-diphenyl-
2-picrylhydrazyl (DPPH) radical-scavenging activity analysis,
the extract of unripe fruits showed higher radical scavenging
activity than butylated hydroxytoluene (BHT) (Fig. 1B).
However, this extract contained lower reducing power than
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BHT (Fig. 2). This indicates that the antioxidant activity of
Korean black raspberry extracts is due their reaction with free
radicals, thereby converting them into more stable products. In
addition, the decreasing level of antioxidant activities during
the ripening process is mainly mediated by TPC and TFC, but
not by TAC.

Influence of fruit ripening on the a-glucosidase inhibitory
activity

a-Glucosidase is an enzyme involved in the intestinal
absorption of starch by catalyzing the conversion of starch to
glucose. The inhibition of this enzyme would result in the
reduced uptake of dietary carbohydrates and suppression of
postprandial hyperglycemia (Hsieh et al., 2010). Since natural
products such as flavonoids, alkaloids, anthocyanins,
glycosides, and phenolic compounds have been characterized
as potential a-glucosidase inhibitors (Kumar et al., 2011), the
exploration of medicinal plant products is an important issue in
the development of antidiabetic agents. To investigate the
antidiabetic potential of Korean black raspberry extracts and
the variation in antidiabetic activity during the ripening process,
we analyzed the effect of each extract on a-glucosidase activity.
As shown in Fig. 3, the extract from unripe fruits showed the
inhibitory activity against a-glucosidase, with an ICs, value of
2.0240.02 pg/ml, whereas the lowest inhibitory effect was
observed from the extract of fully ripe fruits (ICs, value of
8.6+0.09 pg/ml). These findings, together with antioxidant
activities, indicate that the fruit ripening stage has an effect on
bioactivities of Korean black raspberry. On the basis of
phytochemical analyses, triterpenoids, tannins, diterpenes, and
catechins have been isolated from the unripe fruits of Korean
black raspberry (Do et al., 1988; Seo et al., 2011). Catechin is
the most abundant polyphenolic compounds in plant materials,
and the amount of catechin decreases during the ripening
process of fruits, including Korean black raspberry (Taniguchi
et al., 2007; Kim et al., 2011; Agudelo-Romero et al., 2013). In
addition, our previous study has been shown the decreasing
amount of catechin during the ripening process of Korean black
raspberry (Hyun et al. 2014). Furthermore, catechin is known
as potential inhibitors of a-glucosidase and antioxidant agent
(Pedrielli et al., 2001; Xu et al., 2013). These observations
indicate that catechin is one of the potential active compounds
in Korean black raspberry extract.

Possible mechanism for the apoptosis-promoting action of
catechin

Catechin is natural compound that belongs to the class of
flavan-3-ols, and has exhibited cytostatic properties in many
tumor models (Alshatwi, 2010). (—)-epigallocatechin-3-gallate
(EGCG), which is major catechin in green tea, affects a range
of signaling and metabolic pathways that may result in the
inhibition of cancer cell growth and induction of cancer cell
apoptosis (Yu et al., 2014). Catechin-induced apoptosis is based
on the ability of catechin to increase the expression of pro-
apoptotic genes, caspase-3, -8 and -9, which are situated at
pivotal junctions in apoptosis pathways (Alshatwi, 2010). This
indicates that the anticancer activity of Korean black raspberry
extract mediated by its ability to activate the caspase pathway
(Kim et al., 2005) might be due to the presence of catechin,
suggesting the importance of catechin as an active compound in
Korean black raspberry. The possible function of catechin in
the apoptosis pathway has been well addressed (Sutherland et
al., 2006; Park et al., 2009). However, so far, the early events
induced by catechin in the apoptosis pathway are not fully
understood. Therefore, to investigate the action of catechin in



Table 1. Variation of total phenolic, total flavonoids and total anthocyanin contents during the ripening process of Korean black

raspberry.
Stages Total phenol Total flavonoid Total anthocyanins
’ (mg CAE/g)" (mg QAE/g)? (ug/g)”
Unripe 372.7+6.6a" 7.540.3a 80+1c
Semi-ripe 140.3£6.3b 2.940.3c 230+20b
Fully ripe 123.5+8.2¢ 3.9+0.3b 580+40a

1 Total phenolic content analyzed as catechin equivalent (CAE) mg/g of extract, values are the average of triplicates.

2 Total flavonoid content analyzed as quercetin equivalent (QE) mg/g of extract, values are the average of triplicates.

3 Total anthocyanins content analyzed as cyanidin 3-glucoside equivalent ug/g of extract, values are the average of triplicates.

9 Each value represents the mean+SD, and the means were significantly different as calculated from a paired Duncan’s test at p < 0.05.

cancer cells, systematic analyses of microarray data were
carried out. When MCF-7 cells were treated with catechin for 6
h, a total of 7,997 genes (log, ratio > 0.5 and < -0.5) were
differentially expressed between catechin treated samples and
DMSO-treated samples; these included both up-regulated
(5,869 genes) and down-regulated genes (2,128 genes). The top
500 up-regulated and down-regulated genes were grouped into
functional categories according to the Gene Ontology (GO)
terms using the online program PANTHER. As shown in Fig. 4,
GO analysis of the regulated genes revealed various affected
biological processes, mainly cellular process, metabolic process,
cell communication, developmental process, immune system
process.

To analyze the responses of the apoptosis-linked genes, all
differentially expressed genes (log, ratio > 0.5 and < -0.5) were
inserted into the apoptosis pathway (death ligand-mediated
extrinsic apoptosis pathway) in the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database. In the death ligand-
mediated extrinsic apoptosis pathway, intracellular protein
complexes, including death ligands such as tumor necrosis
factor (TNF, formerly known as TNFa), TNF-related
apoptosis-inducing ligand (TRAIL), interleukin 1 (IL-1), and
Fas ligand (Fas-L), and death receptors such as TRAIL-
receptor (TRAIL-R), TNF-receptor, Fas, and IL-1 receptor,
activate caspase-8 and caspase-10, which, in turn, leads to the
activation of effector caspase-3, -6, and -7 (Sakamaki and
Satou, 2009; Fecker et al., 2010). When MCF-7 cells were
treated with catechin, TNFa, TRAIL, and IL-1 were up-
regulated, whereas the expression of Fas-L was reduced (Fig.
5). TRAIL induces apoptosis by signaling via the death domain
containing TRAIL receptors (TRAIL-Rs) (Pan et al., 1997). It
is known that TRAIL induces apoptosis of human tumor cells,
but not normal cells (Gura, 1997), indicating that the systemic
administration of catechin might be useful for the treatment of
cancer. Receptor-interacting protein 1 (RIP1, also known as
RIPK1) acts as a key signal transducer involved in apoptosis
and necroptosis (Christofferson et al., 2012). When apoptosis is
blocked, necroptosis is induced by the kinase activity of RIP1
as a caspase-independent pathway of necrotic cell death
(Christofferson et al., 2012). As shown in Fig. 5, catechin
induced the expression of RIP1, which is required to mediate
the assembly of the RIP1/FADD (Fas-associated death
domain)/caspase-8 complex (Basit et al., 2012). Intriguingly,
the expression level of baculoviral IAP repeat-containing
protein 7 (BIRC7), which is one of the IAPs (inhibitor of
apoptosis proteins), increased after treatment with catechin (Fig.
5). Similarly, it has been shown that curcumin induces the
expression of BIRC7 (8 h after treatment). However, the
expression of BIRC7 was reduced and the growth of
HA22T/VGH cells was inhibited by long-term treatment with
curcumin (Notarbartolo et al., 2005), indicating the transient
induction of BIRC7 by curcumin and also by catechin. Taken
together, these findings indicate that catechin might play the
role of a signal molecule that mediates activation of the death
ligand-mediated extrinsic apoptosis pathways.
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Fig 1. Antioxidant activities of Korean black raspberry extracts.
(A) General view of Rubus coreanus Miquel, (B) DPPH-radical
scavenging activity of Korean black raspberry extracts. Bar
graph showing RCs, values for each extract from the DPPH
assay. The RCsg, values represent the concentration of extract
required to reduce the absorbance of the DPPH radical by half.
Means values with different superscripts letters were
significantly different at p < 0.05.

OUnripe OSemi-ripe WFullyripe BBHT

0.9 1 a
g
£
s
t; 0.6 a
<)
g
=1 a
|
2 03
s b :
K- b ¢
< ¢ . ¢ . 5
0 T T
100 150 200

Concentration (ug/mL)

Fig 2. Reducing power activity of Korean black raspberry
extracts. Values are the average of triplicate experiments and
are represented as the mean + standard deviation. Means values
with different superscripts letters were significantly different at
p <0.05.
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Fig 3. Inhibitory effect of Korean black raspberry extracts on
a-glucosidase activity. Bar graph showing 1Cs, values for each
extract from the o-glucosidase inhibitory assay. Means values
with different superscripts letters were significantly different at
p <0.05.
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Fig 4. Functional categories of genes regulated in MCF-7 cells
after 6 h treatment with catechin. In-silico gene expression
analysis was carried out using microarray dataset for catechin-
treated MCF-7 cells. Top 500 up- and down-regulated genes
were classified into biological processes including 17 sub-
groups. Each bar represents the number of genes that were up-
or down-regulated in the respective groups.

Materials and Methods
Plant materials and extraction

Wild-type Korean black raspberries (Rubus coreanus Miquel)

were grown in the Gochang Black Raspberry Research Institute,

the Republic of Korea. Fruit samples (50 fruits of the same
maturation degree collected from 5 to 10 individual plants)
were collected during the three fruit ripening stages: orange-
turning fruit [15 days post-anthesis (15 DPA), unripe stage], red
fruit (20 DPA, semi-ripe stage), and dark red fruit (25 DPA,
fruits attached to the crown, fully ripe stage) as shown in Fig.
1A. After harvest, samples were dried at 60°C for 2 days,
followed by grinding of samples.
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The ground materials were soaked in 70% ethanol for 2 h,
placed in an ultrasonic bath and sonicated at 55°C. After
filtration, each extract was evaporated using a rotary vacuum
evaporator.

Analysis of total phenolic, flavonoid, and anthocyanin
contents

The total phenolic content was determined using Folin-
Ciocalteu reagent, with catechin as a standard phenolic
compound. Each extract (0.1 ml) was treated with 50 pl of 2 N
Folin-Ciocalteu reagent for 3 min at room temperature,
followed by the addition of 0.3 ml of 20% sodium carbonate
and incubation for 2 h at room temperature. After mixing with
1 ml of distilled water, absorbance was measured at 725 nm
using a UV-spectrophotometer. The results were expressed as
milligrams of catechin equivalents (CAE) per gram of extract
using the equation obtained from the standard catechin graph.
To analyze the total flavonoid content in each extract, 0.5 ml of
each extract was added to test tubes containing 0.1 ml of 10%
aluminum nitrate (w/v), 0.1 ml of 1 M potassium acetate, and
4.3 ml of 80% ethanol. After 40 min incubation at room
temperature, absorbance was determined at 415 nm. The total
flavonoid content was determined as milligrams of quercetin
equivalents (QE) per gram of extract.

The total anthocyanin content was determined using the pH
differential method described by Chen et al. (2012).
Absorbance was measured at 510 and 700 nm in buffers at pH
1.0 and 4.5. Anthocyanin content was calculated as cyanidin 3-
glucoside with an extinction coefficient of 26900 L cm™ mg*
and molecular weight of 449.2. The results were expressed as
milligrams of cyanidin 3-glucoside equivalents per gram of
extract.

DPPH radical-scavenging activity

Radical scavenging activity was measured using DPPH
according to the method described by Hyun et al. (2013). Each
extract was redissolved in 70% ethanol (EtOH). Twenty
microliter extracts at different concentrations was mixed with
3.98 ml methanol and 1 ml DPPH (0.15 mM in methanol).
After incubation at room temperature for 30 min, DPPH radical
inhibition was measured at 517 nm using a spectrophotometer.
The RCsy (50% reduction of DPPH radicals) value of each
sample was calculated from a graph of radical scavenging
activity versus extract concentration. BHT was used as the
standard.

Measurement of reducing power

Reducing power assay is based on the reduction of colourless
ferric complex (Fe®" tripyridyltriazine) to blue-colored ferrous
complex (Fe?" tripyridyltriazine) by the action of electron
donating antioxidants at low pH (lrshad et al., 2012). This
assay has been used for measuring a wide concentration range
of antioxidant activities and capacities (Hyun et al., 2013). The
reducing power of each extract was determined according to
the method described by Hyun et al. (2013). Serial dilutions
(200, 150, and 100 pg/ml) of the extract were prepared in 0.5
ml of 0.2 M sodium phosphate buffer (pH 6.6) and 0.5 ml of
1% potassium ferricyanide. The mixture was incubated at 50°C
for 20 min, mixed with 2.5 ml of 10% trichloroacetic acid, and
then centrifuged at 6,500 rpm for 10 min. The supernatant was
mixed with distilled water containing ferric chloride. The
absorbance of this mixture was measured at 700 nm using a
UV-visible spectrophotometer.
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Fig 5. KEGG analysis of the extrinsic apoptosis pathway. The differentially expressed genes (log, ratio > 0.5 and < -0.5) were
inserted into the corresponding gene in the extrinsic apoptosis pathway (hsa04210) diagram referenced from the KEGG pathway
database. The red and yellow boxes indicate the up- and down-regulated genes, respectively, in catechin-treated MCF-7 cells.
According to the KEGG notation, solid arrows represent molecular interaction or relationship and dashed arrows represent indirect

effect.
Assay for a-glucosidase inhibitory activity

a-Glucosidase inhibitory activity was determined according to
the method described by Hyun et al. (2014) with minor
modifications. Fifty microliter a-glucosidase (0.5 U/ml) was
pre-incubated with 50 pl of each extract and 50 pl of 0.2 M
potassium phosphate buffer (pH 6.8) at 37°C for 15 min, and
then the enzyme reaction was started by adding 3 mM p-
nitrophenyl glucopyranoside (pNPG). The enzymatic reaction
was allowed to proceed at 37°C for 10 min, and was then
stopped by adding 750 ul of 0.1 M Na,COs;. The a-glucosidase
activity was analyzed spectrophotometrically at 405 nm by
measuring the quantity of p-nitrophenol release from pNPG.
The a-glucosidase inhibitory effects of each extract were
calculated as a percentage of the control using the following
formula:

Inhibition rate (%) = [1-(AbSsample — AbSpiank) / AbSconiol] % 100,
where Absg,mpie represents the absorbance of the experimental
sample, Absy.. represents the absorbance of the blank, and
Abs.nirol represents the absorbance of the control.

In-silico gene expression analysis

The microarray data for catechin-treated MCF-7 cells (a human
breast adenocarcinoma cell line) was available in the NCBI
Gene Expression Omnibus (GEQO) database under the series
accession number GSM119261 (MCF-7 cells treated with
catechin for 6 h) and GSM119262 (MCF-7 cells treated with
DMSO for 6 h). Probe sets corresponding to genes were
identified using an online program R (http://www.r-
project.org/). The expression levels for each gene in the
catechin-treated sample were calculated relative to its
expression in the DMSO-treated sample.

For the functional annotation, the top 500 up-regulated and
down-regulated genes were searched against the Gene
Ontology (GO) database using the online program PANTHER
(http://www.pantherdb.org/).
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For apoptosis pathway enrichment analysis, we mapped all
differentially expressed genes (log, ratio > 0.5 and < -0.5) with
the terms in the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway database (http://www.genome.jp/kegg).

Statistical analysis

All the experiments were conducted for three independent
replicates, and data were expressed as meanzstandard deviation.
Statistical analyses were performed by ANOVA and Duncan’s
test was used to determine the significance of differences
between the groups. Differences at p < 0.05 were considered
significant.

Conclusion

In this study, we analyzed the variation in antioxidant and
antidiabetic activities during three ripening stages of Korean
black raspberry. During the ripening process, antioxidant and
antidiabetic activities mediated by the TPC and TFC of fruits
were reduced, indicating that the fruit ripening stages have
profound effects on the pharmaceutical value of Korean black
raspberry. In addition, the analysis of the microarray data
revealed the effects of catechin on the death ligand-mediated
extrinsic apoptosis pathways in MCF-7 cells, suggesting that
catechin-induced apoptosis is initiated by the induction of death
ligands. Nonetheless, further investigations, including
functional assays and in vivo models, are needed to analyze the
pharmaceutical value of Korean black raspberry.
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